The origins and times of divergence of the speciose Hawaiian Drosophilidae are examined using mtDNA sequences. The Hawaiian Drosophilidae are resolved as the sister group to the subgenus Drosophila. No one member of the subgenus Drosophila could be determined to be more closely related to the Hawaiian Drosophilidae than could any other. This result suggests that the Hawaiian Drosophilidae arose before the diversification of the subgenus Drosophila and after the divergence of the subgenus Sophophora. In light of fossil evidence, this phylogenetic scenario suggests that the Hawaiian Drosophilidae lineages are no younger than 30 Myr.
Introduction
The Hawaiian Drosophilidae is a diverse and speciose group of flies, endemic to the Hawaiian archipelago, that is found in the middle-elevation rainforests that ring the active and dormant volcanoes in the island chain. Geological work has determined that there is a temporal sequence of formation of the islands in this chain ( McDougal 1979 ) . It has been estimated that the oldest current Hawaiian rainforests that can harbor native Hawaiian Drosophilidae are age N 5 5 Myr and occur on the island of Kauai. Younger islands to the southwest (Oahu, Maui, Molokai, Lanai, and Hawaii) range in age from 3.5 Myr (Oahu) to 0.5 Myr or extremely recent (Hawaii) and also have rainforests capable of sustaining Hawaiian Drosophilidae. Islands to the northwest are much older, but all are low islands or atolls, lack, rainforests, and hence are incapable of sustaining Hawaiian Drosophilidae populations. Rainforests may have existed on these low islands at some time in the past, however. The young age of the current high islands suggests that the Hawaiian Drosophilidae may have been established relatively recently. However, Beverely and Wilson ( 1985) , using an immunological molecular clock, suggested an ancient origin for this group. The age of origin of this diverse group is of great importance; and, the more independent attempts to estimate this age, the better we will understand this divergence.
The origin of this diverse group of flies has been examined using morphological and molecular/genetic techniques. On a thorough morphological examination of the group, Throckmorton ( 1962 Throckmorton ( , 1975 concluded that the entire assemblage of over 700 species arose as the product of one or, at most, two introductions of some continental Drosophila ancestor to the archipelago. The reason for the supposition of two founders for the entire group is centered on the occurrence of two distinct lineages of Hawaiian Drosophilidae-the "scaptomyzoids" and the "drosophiloids." Throckmorton ( 1975 ) suggested that these two lineages are sister taxa. A more recent cladistic analysis of morphological characters (Grimaldi 1990) suggests that the Hawaiian Drosophila form their own genus, Idiomyia, and are sister taxa to a group of five mycophagous genera (including Hirtodrosophila). The Hawaiian Scuptomyza in Grimaldi's ( 1990) hypothesis are distinct and are not sister taxa to the Hawaiian Drosophila. On the other hand, immunological data (Beverley and Wilson 1985 ) have suggested that the Hawaiian Drosophila plus Scaptomyza are a monophyletic group and that together they are a sister group to the continental Drosophila. The alcohol dehydrogenase (ADH) sequence data of Thomas and Hunt ( 199 1) also suggest monophyly for the Hawaiian taxa in the family Drosophilidae. The ADH data do not, however, address the question of sister-group relationships of other Drosophilidae to the Hawaiian taxa, because only taxa from the genus Drosophila were examined (Thomas and Hunt 1991) . One of the major phylogenetic questions examined in the present study is the relationship of the Hawaiian Drosophilidae to other Drosophilidae.
Another phylogenetic question that is examined in the present study is the issue of the ancestor of the Hawaiian taxa. Throckmorton ( 1975) places the Hawaiian Drosophilidae well within the subgenus Drosophila, as part of the large sister group to the virilis and repleta species groups. According to Throckmorton ( 1975 ) , members of this sister group that show affinity to the Hawaiian Drosophilidae are Hirtodrosophila, D. pinicola, and D. immigruns. On the basis of several short stretches of polytene chromosome bands, Stalker ( 1973) suggested that the D. robusta-D. colorata subgroup of the subgenus Drosophila had the closest affinity of any Drosophila group to the Hawaiian Drosophilidae. Grimaldi's ( 1990) placement of the Hawaiian Drosophila as members of the mycophagous clade suggests still another possible ancestor of the Hawaiian taxa. Clearly, among the continental Drosophilidae there are several candidates for the sister of the Hawaiian Drosophilidae.
It is the purpose of this report to examine the phylogenetic relationships of the Hawaiian Drosophilidae to other taxa in the family, in order to determine which genus, subgenus, or species group is the closest relative of the Hawaiian tlies. In addition, the age of the Hawaiian Drosophilidae clade will be examined using a method that is independent of a molecular-clock assumption.
Material and Methods
For this study, DNA sequences from a 905-bp fragment of mtDNA for seven Hawaiian Drosophilidae species were obtained ( fig. 1 ). The methods used to clone, amplify [by polymerase chain reaction (PCR)] , and sequence this 905-bp fragment have been described in detail by DeSalle ( 1992) and DeSalle and Grimaldi (accepted) .
The Hawaiian Drosophila that were used in this study (and the species group or subgroup to which they belong) are D. mimica (modified mouthparts group), D. adiastola (adiastola species subgroup-picture-winged group), D. sproati (grimshawi (Hirto) , and the genus Drosophila (Dros; composed of the subgenera Drosophila and Sophophora). Tree E shows the genus Drosophila and Hirtodrosophila as sister groups. Tree F shows the Hawaiian Drosophilidae and Hirtodrosophila as sister groups. Tree G shows the Hawaiian Drosophilidae as a sister group to the genus Drosophila. The lower panel shows the two four-taxon statements examined in this study. Phylogeny A is the phylogenentic hypothesis of Grimaldi ( 1990) ) where the Hawaiian Drosophila are placed outside the genus Drosophila and as a sister group to the Hirtodrosophila. Phylogeny B is the hypothesis that the Hawaiian Drosophila are a sister group to the subgenus Drosophila and part of the genus Drosophila. phora) was taken from Clary and Wolstenholme ( 1985) . D. pictiventris was used as a representative of the genus Hirtodrosophila (sensu Grimaldi 1990). Chymomyza amoena, Zaprionus tuberculatus, and D. stonei (genus Scaptodrosophila; sensu Grimaldi 1990) were used as outgroup taxa in the different analyses.
Cladistic analysis using PAUP (Swofford 1990 ) was performed on two data sets. The first and most inclusive was the entire 905-bp sequence. The second consisted of 9 10 DeSalle ' Number of steps required for the parsimony tree. The retention index (Fanis 1989 (Fanis , 1990 for the parsimony tree is given in parentheses.
b Number of steps required to force the Hawaiian Drosophilidae as a sister group to the Hirtodrosophila. This particular tree corresponds to phylogeny A in fig. 3 .
' Differential between number of steps required under parsimony and number of steps required when Hirtodrosophila are forced as the sister group of the Hawaiian Drosophilidae.
d Number of phylogenetically informative sites in the analysis.
those sequences (from the 905-bp fragment) encoding structural RNAs, to the exclusion of the sequences encoding the ND-1 protein.
Analysis of ADH sequences was accomplished by obtaining published sequences for ADH from Hawaiian Drosophila (Hunt et al. 1988; Rowan and Dickinson 1988; Thomas and Hunt 1991) , the subgenus Drosophila (Atkinson et al. 1988) , and the subgenus Sophophora (Bodmer and Ashbumer 1984; Schaefer and Aquadro 1987) . These published sequences were aligned, and regions suitable for PCR amplification and with the most potential for phylogenetic information were identified. A 360-bp region in exon 2 of the gene was chosen because of the large number of differences between the subgenus Drosophila flies and those Hawaiian Drosophila available. This 360-bp region was PCR amplified and double-strand sequenced for D. stonei (genus Scaptodrosophila) and D. pictiventris (genus Hirtodrosophila) ( fig. 2) .
Strength of the phylogenetic inferences was assessed by using bootstrapping (Felsenstein 1985) and Lake's ( 1987) evolutionary-parsimony algorithm in the PAUP package (Swofford 1990) and by comparing the number of steps that competing phylogenetic hypotheses require. Branch lengths, tree lengths, and retention index (RI; Farris 1989 Farris , 1990 were calculated from PAUP (Swofford 1990) . The RI gives an indication of the degree of homoplasy in the data set being examined.
Results and Discussion
Relationship of the Hawaiian Drosophilidae to Other Drosophilidae Two phylogenetic hypotheses on which substantial amounts of morphological and molecular data have been brought to bear are examined here. The first hypothesis concerns the affinity of the Hawaiian Drosophilidae to the Hirtodrosophila (as one representative of the mycophagous clade; Grimaldi 1990). The second hypothesis concerns the membership of the Hawaiian Drosophilidae in the subgenus Drosophila, as well as which groups are the suggested sister taxa of the Hawaiian Drosophilidae. Previous analysis of the mtDNA sequences for non-Hawaiian Drosophilidae indicated that Hirtodrosophila are plesiomorphic with respect to the subgenera Drosophila and Sophophora (DeSalle 1992) . This analysis agrees with Grimaldi's ( 1990) placement of Hirtodrosophila on morphological grounds. Figure 3 outlines the phylogenetic analysis addressing the affinity of the Hawaiian taxa to Hirtodrosophila. The analysis was done in two ways. First, cladograms were constructed using the following taxa, with Scaptodrosophila (D. stonei) as an outgroup: Hirtodrosophila (D. pictiventris), the subgenus Drosophila (D. robusta and D. funebris used individually), the subgenus Sophophora (D. pseudoobscura and D. yakuba used individually), and Hawaiian Drosophilidae (for the Hawaiian taxa used in the individual tests, see table 1). Two cladograms were compared ( fig. 3 ) . Tree A represents an alternative hypothesis that Hirtodrosophila is the sister group to the Hawaiian Drosophilidae. Tree B represents the most parsimonious cladogram for the molecular data sets, which also represents the hypothesis that the Hawaiian Drosophilidae are a sister group to the subg?nus Drosophila. In every case in which a Hawaiian taxon was included, the parsimony tree obtained had the subgenus Drosophila as a sister group to the Hawaiian taxon. In addition, cladograms constructed that forced Hirtodrosophila as a sister group to the Hawaiian Drosophilidae were at least six steps longer than the most parsimonious tree that placed the Hawaiian Drosophilidae and the subgenus Drosophila as sister groups (table 1) . The cladistic analysis of mt-rDNA also supports this conclusion (table 2 ). All comparisons demonstrate that tree B is more parsimonious than tree A.
The second test involves the use of Lake's invariants technique (Lake 1987). The same approach-of substituting Hawaiian taxa individually into three-taxon statements-used in straight parsimony was used in this test (table 3 ) . In all cases the tree placing the subgenus Drosophila and the Hawaiian Drosophilidae as sister taxa was significantly better than the tree placing Hawaiian Drosophilidae and Hirtodrosophila as sister taxa.
A more inclusive cladistic analysis of the mtDNA data was also performed using the following taxa: Hirtodrosophila (D. pictiventris) ; representatives of two divergent subgenus-Drosophila taxa (D. mercatorum and D. robusta); representatives of the two major Hawaiian lineages (scaptomyzoids-S. exigua; and drosophiloids-D. sproati); and the genera Chymomyza (C. amoena), Zaprionus (Z. tuberculatus), and Scaptodrosophila (D. stonei). Figure 4 shows the single most parsimonious tree that is obtained by an exhaustive maximum-parsimony search. Bootstrap analysis reveals that most nodes in the cladogram are supported by 265% of the bootstrap replications. Determination of the number of steps, away from parsimony, at which particular nodes become unresolved (the decay index; Donoghue et al. 1992) indicates that many of the nodes are supported in trees by several steps. The important observation from figure 4 is that the Hawaiian Drosophilidae are the sister group to the subgenus Drosophila. In addition, Hirtodrosophila, as in the previous, more restrictive analyses, is basal with respect to the clade that contains the Hawaiian Drosophilidae and the subgenus Drosophila.
Further corroboration of this relationship was obtained from cladistic analysis of ADH gene sequences ( fig. 2) . Sequences from D. stonei, which is a representative of the genus Scaptodrosophila, and from D. pictiventris, which is a representative of the genus Hirtodrosophila, were added to the existing ADH data base. Drosophila stonei was used as an outgroup, and a direct test of the Hawaiian sister group by using ADH sequences was made. The results of analyzing these sequences in the same manner as was used with the mtDNA sequences are shown in table 4. In all four relevant comparisons, tree A is 14 steps longer than tree B, indicating that the Hawaiian Drosophila are the sister group to the subgenus Drosophila.
The Origin of the Hawaiian Lineages
The question of which of the subgenus-Drosophila species groups or subgroups has the closest affinity to the Hawaiian Drosophilidae was addressed by cladistic analysis of mtDNA sequences. The genera Zaprionus and Chymomyza were used as outgroups. The taxa tested for possible affinity to the Hawaiian Drosophilidae were Sophophora and several members of the subgenus Drosophila. The members of the subgenus Drosophila were chosen because of previous suggestions and claims of their affinity to the Hawaiian Drosophilidae. Throckmorton ( 1975) Stalker ( 1973) (Donoghue et al. 1992 ) is shown in the circle at the respective nodes. The total number of steps is also shown for each branch. The tree on the right shows the bootstrap phylogeny, and the percent of 1,000 replications that supports each node is given in the ovals at each node. The number of unambiguous nucleotide changes for each branch is given above the branches.
well as members of the subgenera Scaptomyza and Engiscaptomyza were used as representatives of the Hawaiian taxa. These groups were chosen to represent as wide a range of Hawaiian taxa as possible. Figure 5 shows the cladistic analysis of the mtDNA data for these taxa. A single most parsimonious tree was obtained using the branch-and-bound option in PAUP (Swofford 1990) . The topology of the subgenus Drosophila taxa is identical to the topology reported by DeSalle ( 1992) , although the support for these nodes is (D. sprouti) are used. The tree on the left is the single most parsimonious tree that is found by using the branch-and-bound algorithm in PAUP. The length of the tree is 252, and it has a retention index of 0.558. The decay index (Donoghue et al. 1992 ) is also shown in the circles at each node. The total number of nucleotide changes on each branch is given on the branches. The tree on the right is the bootstrap consensus tree, and the percent of bootstrap replications that supports each node is given in the ovals at each node. The number of unambiguous nucleotide changes on each branch is given above the branch.
somewhat weaker in the present analysis due to the addition of more ingroup taxa (addition of the Hawaiian taxa). The drosophiloid Hawaiian flies appear to be monophyletic, and there is even stronger evidence for monophyly of the taxa Scuptomyzu and Engiscaptomyza (Hawaiian scaptomyzoids) .
The analyses presented here support a sister-group affinity between the Hawaiian Drosophilidae and the subgenus Drosophila This scenario suggests that the lineage leading to the Hawaiian Drosophilidae arose some time after the sophophoran lineage split from the subgenus Drosophila and the Hawaiian Drosophilidae clades. These analyses also indicate that the Hawaiian Drosophilidae clade arose before or concurrent with the establishment of the major subgroups in the subgenus Drosophila Because an amber fossil Drosophila of -30 Mya exists (Grimaldi 1987)) and because one can assign sister groups to equivalent ages, then, by definition, the Hawaiian Drosophilidae would be ~30 Myr old, the fossil date being a minimum estimate. This roughly agrees with the estimate given by Beverley and Wilson ( 1985 ) from calibration of a molecular clock from immunological data on larval hemolymph proteins and with the ADH molecular clock (Thomas and Hunt 199 1) . The present estimate is independent of a molecular clock and thus strengthens the earlier suggestion, by Beverley and Wilson ( 1985) , that the lineage could have been established much earlier than the age (5 Myr) of the emergent rock on the currently oldest high Hawaiian island (Kauai) that is presently capable of sustaining these flies.
The fact that both cytoplasmic and nuclear markers examined in this study indicate that the subgenus Drosophila is the sister group of the Hawaiian Drosophilidae is strong evidence for this hypothesis. The inability of these data to resolve a specific species or species group in the subgenus Drosophila as sister group of the Hawaiian Drosophilidae should not be taken as an indication of a lack of resolution. In fact, the phylogenetic relationships hypothesized from these data could explain the disparity between previous studies that attempted to determine the ancestry of the Hawaiian Drosophilidae.
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